Seedlings of benitade, Polygonum hydropiper L., were irradiated with eight kinds of monochromatic light in the range of 400730 nm for different periods of 1 hour, 9 hours, 3 days and 5 days, at the intensity of about 9 Jm-2 s-1.
Introduction
In Japan, seedlings of Benitade, Polygonum hydropiper L. have been used as a garnish mostly for dishes of `sashimi', sliced raw fish, especially with white flesh, because of their bright red-purplish appearance and slight pungency. The pigment of benitade was identified as an anthocyanin, cyanidin-3-galactoside (22).
We previously reported that the anthocyanin synthesis in Polygonum seedlings was markedly affected by various environmental factors. Their anthocyanin content decreased in nitrogen-rich cultural medium(13), at higher temperatures(15), and at low intensity of light (14) . The experiments of coverings in the open with various colored plastic films and of irradiations in a room with various colored fluorescent tubes at the same intensity suggested that light in the red region would be the most effective for the anthocyanin synthesis(14). However, it was difficult to separate precisely the effects of respective region in light spectra. Therefore, in this report, Polygonum seedlings were irradiated with various kinds of monochromatic light in the range of 400730 nm at almost the same intensity.
Furthermore, it was examined whether a phytochrome would be inductive to the anthocyanin synthesis in Polygonum seedlings. , and maintained at about 9 J m-2 sec-' (8.69.2 J m_2 s-1), by changing distance between the light source and the plants. The temperature in the cabinets was not controlled, but there were not so much differences of temperature among cabiners at any time.
Irradiation with red and far red light Single or alternate irradiations of red and far red light with relatively broad wavelength were applied in an apparatus to examine if the photoreversibility of anthocyanin synthesis would occur in Polygonum seedlings. The apparatus was divided into 2 rooms, one for red light irradiation, the other for far red one, each equipped with 6 red or far red fluorescent tubes (20W) and filters removing the light regions less than 600 and 700 nm, respectively. The intensity of the red and far red light was 5.66. 6 and 4.34.5 J m-2 s-', respectively. The irradiations were made for 5, 30 and 60 min and the seedlings irradiated were 4 d old after germination.
Anthocyanin determination Ten or fifteen seedlings with cotyledons, hypocotyl and roots were extracted with 10 ml of 1% (W/V) HC1 in methyl alcohol, at 5t in the dark for about 50 h, and then the seedlings were removed with filtration.
The optical density of the filtrate was measured at 530 (A53o) and 653 nm (A653), and the anthocyanin content per plant was calculated using the following formula, (A53o -0.253A653) X 103/number of plants. Anthocyanin content of the etiolated seedlings before irradiation was subtracted from the above content. In case of irradiations of 3 and 5 d, extraction was made immediately after the end of irradiation, however, in irradiations of less than 9 h, it was made after 24 h from the start of irradiation, keeping in the dark for the remaining time.
Results

Short irradiation
of monochromatic light Among Polygonum seedlings irradiated for 1 h with eight kinds of monochromatic light with different wavelengths at the intensity of about 9 J m-2 s-', those irradiated at 665700 nm (red region) were somewhat higher in the anthocyanin content (Fig. 1) . On 9 h irradiation ( Fig. 1) , unlike 1 h irradiation, the anthocyanin content was higher both at 400'-460 nm (violet-blue region) and 700'-'715 nm (far red region), being the least at 560 nm (green region). Prolonged irradiation o f monochromatic light After 3 d irradiation (Fig. 2) , the anthocyanin content was higher at 400460 nm like 9 h irradiation, and also higher at 665700 nm like 1 h irradiation.
On 5 d irradiation (Fig.  2) , two peaks were found at 460 and 665 nm, the latter being 30% higher than the former. In both irradiations, the anthocyanin content was the least at 560 nm.
In another experiment, though no figure shown here, the seedlings were irradiated with monochromatic light for 9 h, 3 d and 5 d at the intensity of 4.34.6 J m-2 s-1, half intensity of the above experiment.
The patterns of the anthocyanin content with relation to light wavelength were similar to those for 9 h, 3 d and 5 d irradiations at the intensity of about 9 J m_2 s-1, respectively ( Figs. 1 and 2) , except that for 9 h irradiation, the anthocyanin content at 730 nm was as high as at 700 and 715 nm.
Short and prolonged irradiations of light at 665 and 715 nm Since the relative responses at 665 and 715 nm differed according to the irradiation period as shown in Figs. 1 and 2 , a supplemental experiment was made to ascertain it. Irradiations with 665 or 715 nm light were started at the same time and continued for 1 h, 9 h and 3 d (Fig. 3) , On 1 h and 3 d irradiations, the anthocyanin content was higher at 665 nm than at 715 nm, but on 9 h irradiation, it was reverse, namely the same trend as the above. At 665 nm, the anthocyanin content increased with the irradiation period from 1 h to 3 d, but at 715 nm, no increase was found between 9 h and 3 d. (Fig. 4) . Red light significantly increased the anthocyanin content compared with the dark control, however, far red light not so much. It was found in the another experiment that the irradiation of red or far red light for 15 min was insufficient for induction of anthocyanin synthesis. The stimulating effect of red light on anthocyanin synthesis was lost on subsequent irradiation with far red light, however, the increase of anthocyanin was observed again on re-irradiation with red light. Similar results were obtained on alternate irradiations with red and far red light for 60 min each (Fig. 5) . The anthocyanin content was significantly higher on red light irradiation after far red light compared with far red light only.
Alternate irradiations with red and far red light for 5 min each, per hour, was intermittently repeated 7 times (Fig. 6 ). This intermittent irradiations of red light increased the anthocyanin content over 2 times compared with the dark control. The effect of red light disappeared on subsequent irradiation of far red light, and it was reversibly recoverd with re-irradiation of red light.
Discussion
From the results of alternate irradiations with red and far red light in the above experiments (Figs. 4, 5, and 6) , it may be supported that anthocyanin synthesis in Polygonum seedlings also, like other plants (3, 5, 10, 20) , would be controlled by a phytochromephotoreceptor system, and promoted by Pfr (far red absorbing form of phytochrome).
To compare the relative effectiveness of different wavelengths for anthocyanin synthesis, several plants have been irradiated with the various monochromatic lights, but these results were not the same. In Polygonum seedlings, Asahira and Masuda (1) observed that anthocyanin content was the highest in the red region on the experiments irradiated with monochromatic light for 15 min or 8 h. In grain sorghum seedlings(3), blue region, in duckweed frond (18) and apple skin (21), redfar red region, and in mustard(17), red cabbage, turnip(20) and broomcorn seedlings(24), both blue and red-far red regions were more effective for anthocyanin synthesis, respectively, within the range of visible light. These experimental conditions were different in light intensity and irradiation period as well as plant material. In our experiment, the relative effect of light region changed with irradiation period (Figs. 1, 2 and 3) , however, no change was found in the relative effect with decreasing irradiation strength by half, namely, to 4.3'-4.6 J m_2 s-1 from 8.6'9.2 J m_2 s-'. Therefore, when the effects of various wavelength lights On anthocyanin synthesis are discussed, irradiation period has to be taken into consideration.
For shorter irradiation, anthocyanin content ( Fig. 1 and 3 ) of Polygonum seedlings was higher in red region (665700 nm) on 1 h irradiation. But it was higher both in violetblue region (400460 nm) and far red region (700715 nm), and lower in green region (560 nm) on 9 h irradiation. It is known that red! far red light effectiveness ratio for anthocyanin synthesis in several vegetable seedlings decreased with increasing time of irradiation (9, 11, 19) . For example, anthocyanin synthesis in red cabbage seedlings(11) was promoted more by red light than far red light applied for 3 h, however, in case of more than 12 h irradiation, far red light promoted more than red light, almost the same trend as our comparison between 1 h and 9 h irradiation. Within short irradiation Mancinelli and Walsh(11) explained these results by the change in the ratio of Pfrr level between red and far red region, with increasing time of irradiation.
It is not clear from the present results whether the higher anthocyanin content in the violet-blue region (400460 nm) on 9 h irradiation is due to the higher level of phytochrome or of cryptochrome, an alternative receptor(12).
In the case of prolonged monochromatic light irradiation for more than 3 d (Fig. 2) , the anthocyanin content of Polygonum seedlings was higher both in the violet-blue and red region, the latter being higher than the former. Some difference in the growth of the seedlings was also found among the light regions. Although the growth of seedlings at 400460 nm (violet-blue) and 665 nm (red) regions was somewhat depressed on fresh weight in 3 d irradiation, their percentages of dry matter including carbohydrates (starch and sugar) were higher, especially at 665 nm. In the seedlings at 560 nm (green region), having the lowest content of anthocyanin, the situation was reverse.
It has been reported that the rate of photosynthesis, which produces carbohydrates, is the highest under red light, and in some cases secondly higher under blue light (2, 4, 8, 23) . In our previous experiment also, positive correlation was found between the anthocyanin and carbohydrate content of Polygonum seedlings under different colored lights (16). Spraying seedlings with a sugar solution could increase the anthocyanin content (16). On prolonged irradiation for over 3'5 d , the accumulation of metabolic precursors may be the promoting factor in anthocyanin synthesis rather than the photoreceptor level, different from shorter irradiation of 1'9 h.
In our previous study(14), Polygonum seedlings were grown under coverings with blue, green, yellow and red colored plastic films in the open, or photoperiodically irradiated with colored lights from fluorescent tubes for several days. The anthocyanin content was the highest under red film covering and red light irradiation. These results in red region are coincided with those of monochromatic light irradiation for 5 d, reported here.
The UV region also has a stimulating effect on anthocyanin synthesis in some plants (6, 18, 24) . However, in our previous experiment of Polygonum (14), its effect could not be discerned, so irradiation was not made at UV region again in this time.
